Recently, magnesium alloys have been considered as a promising alternative for high-strength steel and aluminum in some applications because of its advantages such as low density, high specific strength etc. However, the application of formed magnesium wrought alloys components is restricted due to lack of knowledge for processing magnesium alloys at elevated temperatures. In this study, the deformation behavior of a cylindrical deep drawing of magnesium alloy sheets at elevated temperatures are simulated by using a non-isothermal finite element based on DEFORM 3D commercial software. In order to validate the finite element analysis, deep drawing test of cylindrical cup of AZ31 and AZ52 rolled sheets at given conditions was also performed. The experimental results show a good agreement with the finite element simulation predictions. The optimal forming temperature, thickness distribution of the cup and punch force were determined for the process.
Introduction
Weight reduction has long been identified as a key priority for improving automotive fuel economy, and many studies often suggest substituting lightweight materials for typical steel applications. In recent years, magnesium alloys have been paid much attention due to its advantages such as low density, high specific strength etc. Therefore, magnesium alloys have been considered as a promising alternative for high-strength steel and aluminum in some applications and expected to be widely used for structural components, notably in the automotive and aerospace industry in the near future. [1] [2] [3] The application of formed magnesium wrought alloys components, however, is restricted due to lack of knowledge for processing magnesium alloys, especially forming process, at elevated temperatures. Traditionally, forming processes are usually carried out in isothermal conditions. In other words, the processes are conducted under the conditions of constant and homogeneous temperatures of tools and workpiece. However, deep drawing tests with magnesium alloy sheets show that the drawability of sheets can be improved by local heating based on the change of material property with respect to temperatures. [4] [5] [6] This means the process is ultimately non-isothermal. Moreover, during the forming process, heat is generated by plastic deformation and the heat loss by conduction and by radiation and convection to the punch as well as to the environment can result in several property changes of the workpiece. Therefore, this underscores the need for accurate methods to investigate a forming process of magnesium alloy not only deformation behavior but also heat transfer process, a task to which the finite element method is well suited.
In this study, a thermo-rigid-viscoplastic FEM, based on DEFORMÔ 3D codes, with anisotropic Hill's non-quadratic yield criterion is applied to analyze the warm deep drawing of AZ31 and AZ52 rolled sheets. The load-stroke curves, optimal process parameters and temperature distribution in the sheets obtained in the FE simulation were compared with experimental results for various forming conditions.
Experimental Procedure
The magnesium alloys used in this study are AZ31 and AZ52 rolled sheets with a thickness of 0.83 mm. The chemical composition and microstructure images of the sheets are shown in Table 1 and Fig. 1 , respectively.
Mechanical properties tests
In order to investigate the effect of temperature, rolling direction and strain rate sensitivity of the magnesium alloy sheets on flow stress as well as determine the constitutive behavior of the sheets, uniaxial tensile tests at different strain rates, rolling direction and temperatures were carried out. The results are shown in Figs. 2 and 3 . Besides, the Rankford value, r, was also calculated to examine the anisotropic property of the sheet for a strain of 20% in tensile tests. It shows that the sheets exhibit anisotropic property markedly. However, the property trends to be decreased constantly with increasing temperature and approaching isotropic property at the temperature over 498 K. The Table 2 shows the r-values as well as parameters of mechanical property of sheets obtained from tensile test at 498 K and strain rate of 10 À3 s À1 .
Cylindrical Cup Deep drawing test
Cylindrical cup deep drawing tests were carried out at various conditions to investigate the formability of the sheets as well as validate simulation result. As mentioned previously, the formability of magnesium alloy sheets can be improved by local heating at elevated temperatures. Hence, testing dies with heating control system is designed. The experiments were conducted with a punch diameter of 40 mm, punch radius of 4 mm, die parameter of 42 mm and die shoulder radius of 4 mm. The blank holder force was kept constant at 14 kN and the punch speed was 3 mm/s. The tests were carried out at temperatures of tooling (die and blank holder) ranging from 423 to 523 K while the temperature of punch was set at 298 K. Teflon sheets were used as lubricant. The temperature was monitored using several thermocouples, and this system was connected to a computer for controlling temperature and recording the data during the forming process.
FE model
In this study, FE simulation of the magnesium alloy sheets warm forming process was performed using an implicit FE code DEFORM 3D, a commercial FE program based process simulation system designed to analyze three-dimensional flow of various metal-forming processes, which can be used for non-isothermal simulation. Due to the symmetric boundary conditions, and to reduce computational time, a quarter of the geometries were modeled as shown in Fig. 4 . The sheets and tooling were meshed with four-noded tetrahedral elements. However, the tooling was modeled as perfectly rigid but non-isothermal while the blank was considered as rigid-viscoplasticity with isotropic hardening law and following Hill's anisotropic yield criterion. The Hill's function 6) can be expressed as: where ij denote the stress components and F, G, H, L, M and N are material constants obtained by tests of the material in different directions. These constants can be expressed in terms of six yield stress ratios R 11 , R 22 , R 33 , R 12 , R 13 and R 23 according to
In sheet metal forming application, anisotropic material data is commonly used in term of ratios of width strain to thickness strain. The stress ratios can then be defined as Table 2 .
The flow stress of the sheets obeys the Tabular data format given as a function of strain rate, strain and temperature ¼ ð " "; _ " " " "; TÞ with is flow stress, " ", _ " " " " and T are effective plastic strain, effective strain rate and temperature, respectively. This law was selected due to its ability to follow the true behavior of a material. Contact between the sheet and tooling was modeled by means of master-slave penalty force algorithm. The penalty value was kept large enough to minimize penetrations during the simulation. The friction coefficient in Coulomb's friction law was chosen for contact surface and kept to be constant at 0.1 in the analysis of forming operations. Automatic meshing was performed after 10 steps of increment regularly. The parameters for simulations are shown in Table 3 .
Results and Discussion
The results of simulation and experiment show that the limiting drawing ratio (LDR) of both investigated materials increase with increasing in temperature and obtaining maximum value at 225 C. The following are some of the results. Figure 5 shows the numerical predicted temperature distribution along the cup wall during forming of AZ31 (LDR ¼ 3:0) and AZ52 (LDR ¼ 2:8) at 498 K, respectively.
Temperature distribution
During forming, as the punch moved into the die cavity and contacted the blank, parts of the blank contacting the punch lost some of their heat to the punch, resulting in minimal temperature of the blank at punch shoulder radius and increased temperatures towards the die shoulder radius. This is due to the significant difference of punch and blank temperatures as well as the high thermal conductivity and low specific heat capacity of magnesium alloy. Low temperature in the wall caused increase in the flow stress. This can result in avoiding localized necking. Otherwise, high temperature in the flange results in the flange part drawing with lower drawing force. 4, 5) This re-affirms that control of temperature distribution in the wall and the flange plays a Figure 7 shows the comparison of the numerical predicted and experimental results of AZ31 and AZ52 at forming temperature of 498 K for DR of 2.8, respectively. Both experimental and numerical strain distribution show the same basic feature. In other words, the trend of change in thickness predicted by simulation matches well with experiment results. However, a maximum thinning of 32% was observed in the simulation as compared to 27% in experiment. This might be due to Hill yield surface used in simulation for determining yielding of the material may overpredict the yield stress in the flange where the radial stresses are tensile and hoop stresses are compressive. Another important finding was that the maximum thinning observed in the cup wall for both simulation and experiment is contrary to the conventional stamping where the maximum thinning is observed at punch radius. The difference of the localized thinning could be due to the strength of the cup wall in warm forming is not uniform as in conventional forming and depends on the temperature distribution in the wall during forming process. Low temperatures at punch shoulder radius and high temperatures at the die shoulder radius resulted in low yield strength in the material at the cup wall as compared to the material at the punch corner. As a result, thinning in the cup walls is greater than at the punch corner. Furthermore, results of tensile test indicate that magnesium alloys are characterized by specific behaviors at elevated temperatures: as seen in Figs. 2 and 3, there is actually a softening effect after the initial hardening, because of recovery and/or recrystallization. 7) In the experiments, the maximum LDRs of 3.2 and 2.8 were obtained at forming temperature of 498 K while the result of simulation achieved 3.0 and 2.8 for AZ31 and AZ52, respectively. Although the maximum LDRs predicted by simulation for different forming temperatures were less than those obtained from experiment, the location of localized thinning and the trend of failure obtained in the simulations matched well with fracture locations in experiments. Figure 8 shows the comparison between experiment and simulation result about the fracture of the drawn cup at forming temperature of 423 K and DR of 2.8. The facture was observed at around the punch corner, because the punch force is higher then limit strength of the material at given condition. Figure 9 shows the punch loads obtained from the simulations and experiments of forming AZ31 and AZ52 for LDR 3.0 and LDR 2.8, respectively. The results indicate that the maximum punch loads obtained by experiment are lower than those in the simulation. However, the tendency of increment and decrement of punch load during the forming process could be predicted by simulation.
Thickness distribution

Punch force
This issue could be either due to high blank holder force that restrains the material flow and/or high shear stress due to interface friction coefficient. It should also be noted that the flow stress available from tensile test was limited to high strain rates. Therefore, in the simulation the flow stress for high strain rates were extrapolated. These values have been probably overestimated. Thus, the punch load obtained in simulation was higher than the load obtained in experiment. This leads to more restraining force to draw the material from the flange had resulted in localized thinning of 32% in the simulation as mentioned previously.
Summary
The main conclusions of this study are as follows: (1) The LDRs of AZ31 and AZ52 increase with increasing in forming temperature and obtaining the maximum values at 498 K. However, the LDRs predicted by simulation were slightly lower compare to the experiment results.
(2) The punch force predicted by FE simulation overestimated the experiment results. This could be either due to high blank holder force and/or high shear stress caused by interface friction coefficient. (3) The thinning distribution observed in simulation matches with experiment result. (4) The thermo-viscoplasticity FEM code, particularly Deform3D code could successfully capture the deformation behavior and specific characteristics of the warm sheet forming process. Fig. 7 The thickness distribution along the cup wall of AZ31 and AZ52 at forming temperature of 498 K for DR of 2.8. 
